Background: For reasons of simplicity, studies on isolated human myocardium have been conducted using exclusively isometric contractions, although positive inotropic interventions may differently influence force development, extent of shortening and myocardial work performance. We investigated human left ventricular failing and non-failing preparations comparing isometric versus isotonic, i.e., Ž . shortening contractions. Results: 1 When muscle length is increased from 90% to 100% l , peak developed force increases by 36% max Ž . and 43% p -0.05 in non-failing and failing human left ventricular myocardium, respectively. Maximum performed work increases similarly in non-failing but decreases in failing myocardium. It can be shown that this discrepancy is due to significantly higher resting Ž . tension and does not present an insufficient intrinsic shortening capacity in failing myocardium. 2 When stimulation rate is increased from 0.5 to 2.0 Hz, isometric force increases significantly by 59% in non-failing and decreases by 27% in failing myocardium, whereas Ž . maximum performed work increases by 98% and decreases by 46%, respectively. 3 Pharmacological positive inotropic interventions by Ž .
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y5 Ž . 7.2 mM calcium n s 9 , 3= 10 M isoproterenol n s 7 , 3= 10 M ouabain n s 5 , and 10 M EMD 57033 n s 3 equally Ž . increased force development and extent of shortening: When the fractional effect on shortening y was correlated to the fractional effect Ž . Ž . on force x , the following linear regression equation was obtained: y s 0.91 x q 0.26 r s 0.86; p -0.001 . Conclusions: The data Ž . presented are of clinical and pharmacological importance: 1 The Frank-Starling mechanism is demonstrated to be existent in the failing Ž . human myocardium regarding both isometric force developed and maximum work performed. 2 Both force-frequency relations and -to Ž . a greater extent -work-frequency relations are reversed in failing human myocardium. 3 Independent of the pharmacological mode of action, positive inotropic compounds increase developed isometric force to the same extent as isotonic shortening and therefore potentiate maximum performed work. q 1998 Elsevier Science B.V.
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Introduction
Cardiac performance is known to be regulated by at least three basic mechanisms which may be fundamentally Ž . altered in heart failure: 1 The Frank-Starling mechanism ported full preservation of this basic mechanism in endw x Ž . stage heart-failure 7 . 2 Myocardial force development is heart rate dependent: Peak isometric force development increases with heart rate in normal mammalian myocardium, but decreases in end-stage failing human left w x Ž . ventricular myocardium 8-10 . 3 The cardiac muscle is under the control of the sympathetic nervous system, i.e., catecholamines control contractile force and thereby guarantee the coupling between cardiac performance and pew x ripheral circulation 11 . This control system is blunted in chronic congestive heart failure due to down-regulation of w x the beta-adrenoceptors 12-14 and increase in G -proteins i w x 15,16 .
In some of the above mentioned studies, attempts have been made to simulate physiological conditions in vitro. For example, only if the experimental conditions were made physiological with respect to temperature and stimulation rate, clear differences between failing and non-failw x ing left ventricular myocardium became evident 8-10 . In human cardiac muscle experiments, however, the isometric contraction mode has been used exclusively for reasons of simplicity. Therefore, for the first time, we studied isotonic shortening versus isometric contractions of human cardiac muscle comparing tissues from failing and non-failing left ventricles. These studies are important, because pathophysiological and pharmacological factors, which influence the inotropic state of the myocardium, may alter developed isometric force and extent of shortening differently in a quantitative as well as qualitative fashion. Evidence for such a dissociation comes from experiments in skeletal and cardiac muscle indicating that maximum velocity of shortening and isometric tension development may be influw x enced in different ways [17] [18] [19] . In addition, the duration of activation is different between isometric and isotonic w x contractions 20 , and positive inotropic compounds like catecholamines, ouabain and calcium-sensitizers are known to exert different effects on the duration of contraction and relaxation. Furthermore, many scientists use the extent of shortening in isolated myocytes to study myocardial contractility and how it is influenced by physiological, pharmacological and pathological conditions. However, it is not known how the extent of shortening relates to isometric tension development.
We therefore compared -for the first time -isometric force development with extent of shortening and maximum performed external work of human failing and nonfailing left ventricular muscle preparations. To simulate physiological and pharmacological conditions, variations of contractile performance were initiated by alterations in muscle length, stimulation frequency and some pharmacological interventions.
This study demonstrates full preservation of the FrankStarling mechanism in failing human left ventricular myocardium regarding developed force, extent of shortening and work performance. Furthermore, both inversed forcefrequency and work-frequency are found in the failing human myocardium. In addition, independent of the pharmacologic type of stimulation, alterations of peak developed force parallel the extent of shortening under all conditions.
Methods

Source and transportation of myocardial tissue
For the present study we used n s 48 preparations from human left ventricles. All human explanted hearts were received from the Cardiac Transplantation Center, Bad Oeynhausen, Germany. N s 8 preparations were taken from eight donor hearts which could not be used for transplantation for technical reasons. N s 40 preparations were available from forty explanted hearts from patients suffering from end-stage chronic heart failure due to idio-Ž pathic dilated cardiomyopathy New York Heart Associa-. tion III-IV . Patients were between 17 and 73 years old. Mean left ventricular ejection fraction was 18 " 6%. All patients were treated with therapeutic levels of digitalis Ž . Ž digoxin or digitoxin , diuretics furosemide, xipamide, . piretanide , and angiotensin-converting enzyme inhibitors Ž . captopril, enalapril, lisinopril . One third of the patients had intravenous low dose dopamine. Immediately after explantation, papillary muscles and parts of the free left ventricular wall were dissected and submerged into Krebs-Ringer solution at room temperature. This solution Ž . w x contained 30 mmolrl BDM butanedione monoxime 9 and 10 IUrl insulin. Transportation time during which the solution was constantly bubbled with 95% O r5% CO 2 2 was about seven hours for all hearts. IUrl. This solution was constantly bubbled with a gas mixture of 5% CO and 95% O , and pH was 7.4. 2 2 Solutions that were used for transportation and dissection All preparations were performed in a special dissection Ž . chamber using a stereo microscope VMT Olympus . After Ž . a slim see Table 1 strip preparation had been cut from the papillary muscle or the free wall of the left ventricle, the one end of the preparation was attached to a force transducer and the other end to a linear motor system by Ž means of small tweezers Muscle Research System; Scien-. tific Instruments, Heidelberg, Germany . The muscle preparation was then protected by a cuvette system through Ž . which temperature-controlled 378C solution was pumped constantly. The force transducer has a resonance frequency Ž of 700 Hz and a sensitivity of at least 1 mg Muscle Research System; Scientific Instruments, Heidelberg, Ger-. many .
Solutions and instruments
The linear motor system is feedback controlled and allows isometric and isotonic experiments: when the given threshold force is reached during an isometric contraction phase, the contraction mode is automatically switched to Ž . isotonic conditions Fig. 1, A and B . After maximum shortening of the muscle is reached, the muscle is stretched Ž to its original length with a choosable velocity Fig. 1, A . and B . Developed force and extent of shortening were recorded and stored on a PC-Computer using the software Ž programme MUDAT-3 Scientific Instruments, Heidel- Fig. 3 . In addition, quick-release experiments were performed. Immediately after the onset of contraction, the muscle was allowed to contract against a pre-defined preload which was equal to the resting tension at 90% l max Ž . see Fig. 5 .
Alterations of muscle length and stimulation rate
After the muscle had been mounted between the linear motor and the force-transducer, it was prestretched by a preload of about 2.5 mN. Thereafter, BDM was washed out and stimulation started. After steady state conditions had occurred, the muscle preparation was carefully stretched using steps of 0.05 and 0.1 mm five to 10 minutes after each stretch, peak developed force was mea- . lower diagram . Shortening contractions were allowed at 90% and 100% l . The working capacity at a given preload is given by the triangle ma x representing peak isometric force on the one hand and extent of shortening against preload on the other. Note that peak developed force increases in failing and non-failing myocardium when the muscles are stretched from 90% to 100% l . In contrast, extent of shortening increases in ma x non-failing myocardium but decreases in failing myocardium. Please note also the steep resting length-tension relationship in failing as compared to non-failing myocardium. sured. l was defined as the muscle length at which no max further increase or even a small decrease of peak developed force was observed. In order to study muscle length-dependency of developed force and extent of shortening, the muscles were stretched to l as described above and allowed to conmax tract isometrically and isotonically against a variety of different afterloads at each muscle length, respectively Ž .
Figs. 1 and 2 .
For pooling of the data and statistical purposes, developed isometric tension, extent of shortening and maximum external work were analyzed at muscle lengths 90% and Ž .
100% l
Figs. 3 and 4 . Maximum external work was max also normalized to 100% measured at muscle length of 90% l .
max
In the other type of experiments, heart rate was varied: Ž . 0.5, 1.0, 1.5, 2.0 and 2.5 Hz Fig. 6 . 
Pharmacologic experiments
Cardiac muscle preparations were stimulated by four Ž . different interventions: 1 In n s 9 preparations, the extra- Serva, Heidelberg, Germany was given at 3 = 10 Ž . molrl. 4 In n s 3 preparations, we applied EMD 57033, a new calcium-sensitizer, which was kindly provided by Ž . Merck Darmstadt, Germany .
Muscle dimensions and peak developed force as measured at optimum length l are given in Table 1 . 
Definition of fractional effect on shortening and force
In order to compare the differential effects of a pharmacological intervention on developed force and on extent of shortening, fractional effect was defined as follows: Fractional effect on force is the quotient of peak developed force after pharmacological intervention divided by peak Ž developed force before pharmacological intervention con-. trol . Fractional effect on shortening is the quotient of the extent of shortening after pharmacological intervention divided by the extent of shortening before pharmacological Ž . intervention control . Fractional effect on shortening can then be plotted as a function of fractional effect on force Ž . Fig. 8 .
Measurements of central segment shortening
Because crush trauma at both ends of the preparations might influence the measurements in terms of central segment shortening by overstretching the weaker damaged w x end regions 21,22 , five additional experiments were performed: In these experiments, a central segment was marked by means of a waterproof color pencil, and these markers were followed during isometric contractions with the microscope. Amount of central segment shortening was evaluated by means of a micrometer scale within the Ž . ocular of the microscope VMT Olympus . Central segment shortening was measured to be 0.025 " 0.003 mm in isometric contractions, which is about 0.5% of the muscle length and less than 5% of maximal shortening in isotonic contractions. In contrast, in isotonic contractions with maximal shortening, i.e., when the muscle was allowed to contract against its preload, per cent of shortening of the segment length was not significantly different from the percentage of muscle shortening.
Statistics
In the present study, paired and unpaired t-test were Ž . used. In addition, linear regression analysis Fig. 8 was w x applied 23 . A p-value of -0.05 was used to indicate statistical significance.
Results
Length-dependency of force deÕelopment, extent of shortening, and external work performance in non-failing and failing human myocardium
Typical examples of length-tension relationships for non-failing and failing myocardium are shown in Fig. 2 : Isometric peak developed force gradually increases in both preparations when the muscles are stretched from 90% to 100% l . This observation is consistent with a preserved max Frank-Starling mechanism which we have described rew x cently 7 .
The purpose of the present study was to analyse in which way the extent of shortening and myocardial work is altered with increasing muscle length in non-failing and failing preparations. In the two representative experiments demonstrated in Fig. 2 , the extent of muscle shortening is increased in normal non-failing myocardium but reduced in failing myocardium when muscle length is increased from 90% to 100% l . As a result, maximum myocardial max work increases with muscle length in non-failing myocardium in parallel with the increase in isometric force Ž . development Figs. 3 and 4 and Table 2 ; in contrast, maximum myocardial work increases in parallel with increases in peak developed force only at a shorter muscle lengths, but decreases with increases in peak developed Ž force at muscle lengths closer to l
Figs. 3 and 4 and max . It is also important to note that resting tension at 100% Ž . l is significantly p -0.05 higher than in non-failing max Ž . human myocardium Table 2 .
Because several mechanisms may be responsible for the observed differential effect of the muscle length on developed force versus extent of shortening observed in the Ž . failing human myocardium see discussion , five additional experiments were performed. In these experiments, instead of keeping the load of the muscle equal to the preload, the load was reduced to a pre-defined preload which was equal Ž . to the resting tension at 90% l Fig. 5 . From these max experiments in failing myocardium, it is evident that active shortening is greater at 100% l than at 90% l when max max correction for high resting tension is allowed.
Rate-dependence of force deÕelopment, extent of shortening, and external work performance in non-failing and failing human myocardium
Stimulation rate was altered between 30 and 150 per min using steps of 30 beatsrmin. In Fig. 6 , changes in peak developed force, extent of shortening, and maximum performed external work are plotted as a function of stimulation rate for n s 4 preparations from donor hearts and n s 6 preparations from explanted hearts with dilated cardiomyopathy. For pooling the data and statistical purposes, peak developed force, extent of shortening, and maximum performed work are normalized to control contractions obtained at 30 beats per min. This plot not only allows a direct comparison between failing and non-failing myocardium, but also a comparison between the relative changes of external work, shortening, and force. From Fig.  6 it is evident that first work-frequency relations are positive in non-failing and negative in failing human left ventricular preparations, and second the relative effects of frequency-modulation on maximum work are considerably -by almost a factor of two -greater than those on isometric peak developed force.
Influences of different positiÕe inotropic interÕentions on isometric peak deÕeloped force and extent of shortening
In this set of experiments, a variety of positive inotropic compounds was used to increase the contractile state of Ž . cardiac muscle Fig. 7 . In these experiments, isometric contractions were compared to shortening contractions in which the afterload was kept equal to the preload at optimum length l . For each experiment in which a max specific intervention was applied, the fractional effect on the extent of shortening was plotted as a function of the fractional effect on peak isometric force. Using this analysis for all experiments and different interventions studied, a linear regression equation was found with a slope of 0.91 and an intercept of 0.26 with a correlation coefficient of Ž . r s 0.86 p -0.001 .This slope is not significantly differ-Ž . ent from unity Fig. 8 . For each specific pharmacological intervention mean data of peak developed force, extent of shortening and maximum performed external work are given in Table 3 .
Discussion
Background and purpose of the study
Since orthotopic heart transplantation has become a routine surgical procedure in the United States of America and Europe, human cardiac muscle tissues are available in many laboratories and have been used to study functional, cellular and molecular alterations of myocardium in human heart failure. Many important observations have been made w x regarding beta-adrenoceptor function 12-16 and excitaw x tion-contraction coupling 8-10 , although most of the experiments were conducted under non-physiological experimental conditions. For example, the use of low stimulation rates had failed to detect some important features of the failing human myocardium. Serious functional alterations of the human myocardium become only evident, when the whole physiological range of heart rate is investiw x gated 8-10 . For reasons of simplicity, however, in almost all available studies on isolated human myocardium the contraction mode was isometric instead of allowing the muscle to shorten against a variety of different alterloads and to perform external work. Because physiological and pharmacological mechanisms may differently influence isometric force development and isotonic shortening, it was the first purpose of the present study to investigate cardiac muscle of failing and non-failing human left ventricles simulating physiological conditions regarding temperature, heart rate and mode of contraction. In addition to pharmacological interventions, the three important mechanisms known to regulate the contractile state of the myocardium were tested: Muscle length, heart rate, and catecholamines.
Non-uniformity of muscle preparations
In all types of muscle preparations, stronger myocardium of the central regions may overstretch weaker parts of the muscle due to crush trauma at both ends of a w x preparation 21,22 . In order to quantify central segment shortening, markers were placed on the muscle and followed by microscope in special experiments. Central shortDownloaded from https://academic.oup.com/cardiovascres/article-abstract/37/1/46/541272 by guest on 21 January 2019 ( )ening of the isometric muscle was 0.025 " 0.003 mm in five preparations, which was 0.5% of whole muscle length. Although this internal shortening was quite small, it might partially explain why peak developed force in this study was small compared to animal studies in which sarcomere w x length was controlled 21,22 . However, other factors like experimental temperature and species-dependency of force development have to be considered in addition.
Interestingly, during isotonic contraction in which the afterload was set to be equal to preload, the relative shortening of the central segment was equal to whole muscle shortening. Therefore, isometric peak developed force of muscle may have been somewhat underestimated compared to isometric sarcomeric force development, whereas extent of muscle shortening reliably reflects sarcomere shortening.
Length-dependency of force and external work
We have previously reported that length-dependency of peak developed force is maintained in failing human myw x ocardium in ICM and DCM 7 . Again, in the present study, peak developed isometric force is increased by 43%, when failing muscle preparations are stretched from 90% to 100% l . This value is close to 36% obtained in max normal myocardium of the present study, and only some-Ž what lower than we reported in our previous work 50-. 70% . In contrast, maximum performed work increased between 90% and 100% l only in non-failing mymax Ž . ocardium, but decreased in failing myocardium Figs. 2-4 . The findings indicate that the relative location of optimum length for peak developed force coincides with that for maximal work only in non-failing human left ventricular myocardium. In contrast, in endstage failing human left ventricular myocardium, the relative location of optimum length for maximal work is around 90% of the optimum length for isometric peak force development.
Two different hypotheses may explain the dissociation between the relative locations of the optimal muscle lengths Ž . for peak developed force and maximal external work: 1 Reduced extent of shortening at optimum length l in max human failing myocardium may indicate intrinsic failure of Ž . the muscle to shorten. 2 At optimum length l , there is max relevant diastolic tension present in all different types of preparations. This diastolic tension comes into play during the shortening period thereby gradually increasing the load which has to be carried by the sarcomeres.
The following arguments make the first hypothesis unlikely and favour the second one: In additional experiments, quick releases were carried out at optimum length l immediately after the onset of contraction. In these max experiments the load was clamped to a value which was equivalent to the preload at 90% l allowing the muscle max to shorten from optimal length l but with an internal max Ž . load identical to a contraction starting at 90% l Fig. 5 .
max Under these conditions, the extent of shortening was always considerably greater than in isotonic control contractions at optimum length l . These experiments exclude max the possibility that there may be an intrinsic deficit of shortening in failing preparations at greater muscle lengths. In addition, in the present study we found resting tension to be significantly higher in failing than in non-Ž . failing myocardium Fig. 2 and Table 2 . This observation w x is in good agreement with our previous work 7 and w x animal studies 24,25 . At low frequencies, this increased resting tension is shown to be due to an increased collagen w x content 24-28 . Only at higher stimulation rates, diastolic activation of contractile proteins may come into play because of insufficient calcium pumping capability in failing w x human myocardium 29,30 . Therefore, if resting tension is higher in the human failing myocardium at optimum length, the internal load which has to be carried by the sarcomeres is relatively larger and thereby reduces the amount of shortening. A reduced extent of shortening of the failing human myocardium as compared to the non-failing myw x ocardium has already been described by Vahl et al. 31 . However, these authors did not discuss the possibility of an interaction between resting forces and systolic performance.
Force-frequency and work-frequency relations
Previously, we and others have shown that the relation between isometric force and stimulation rate is reversed in w x failing human myocardium 8-10,29,30,32-34 . Again, this reversed force-frequency relationship is found in hu-Ž . man left ventricular failing myocardium Fig. 6 . However, in the present study, we focused on the question whether alterations in frequency may differently influence the extent of shortening and work performance as compared to isometric force development: Because relative changes in the extent of shortening parallel the relative changes in Ž . isometric peak force development Fig. 6 , the relative changes in maximum work performance are potentiated resulting in substantial positive work-frequency relations in non-failing and pronounced negative work-frequency Ž . relations in end-stage failing human myocardium Fig. 6 .
As we have shown recently, the inverse force-frequency relationship in failing myocardium is due to a decrease in w x calcium transients with increasing stimulation rate 34 . This decrease in activation may not only be brought about by a decrease in the sarcoplasmatic reticulum calcium w x ATPase 30 but also by an upregulation of the sodiumw x calcium exchanger 35 . Nevertheless, it is evident that such a decrease in activation is responsible for both the reduction in force development and the decrease in shortening when stimulation rates are increased in failing human myocardium.
These data are in agreement with those obtained in w x ferret ventricular muscle 17 . However, in these animal experiments the effect of stimulation rate on isometric force was 1.5 to 2.0 times larger than on the fractional effect on shortening. In the cited study, experimental temperature was only 308C as compared to physiological Ž . temperature 378C in the present study which might easily explain these quantitative differences.
PositiÕe inotropism and extent of shortening
Beside of muscle length and stimulation frequency, positive inotropic compounds with different modes of pharmacological action may effect force development and shortening capability in different ways for the following reasons:
Ž . 1 Contraction and relaxation times are altered quite Ž . differently see Fig. 7 . Whereas beta-adrenoceptor stimulators like isoproterenol shorten both the contraction and relaxation phase, and the calcium-sensitizer EMD 57033 has pronounced opposite effects, an increase in the calcium concentration or addition of ouabain exert positive inotropism with no or very little alterations of the isometric Ž . time parameters Fig. 7 . Therefore, a longer contractionrelaxation cycle may allow the muscle to shorten to a greater extent as compared to a shorter contraction-relaxation cycle.
Ž . 2 A certain positive inotropic intervention may alter intrinsic shortening velocity allowing more or less muscle w x shortening extent within the same time 36,37 .
3 With EMD 57033 cross-bridge mechanics may become altered in the sense of a longer attachment time or a w x greater force production per cycle 38, 39 . No studies are available investigating the question in what way this pharmacological way of positive inotropism has influence on extent of shortening and -thereby -myocardial work performance.
Expecting a broad range of differential influences of the compounds on the extent of shortening, we compared the fractional effect on force and shortening induced by high calcium, ouabain, isoproterenol, and EMD 57033. Interestingly, a highly significant linear regression equation was found when pooling all data obtained under all four differ-Ž . ent interventions Fig. 8 . As shown in Table 3 , percent values for peak developed force and those of extent of shortening are not significantly different. These data indicate that -under all circumstances -the relative change in force development is closely related to the relative change in shortening independent of the pharmacologic type of myocardial stimulation.
The mechanisms of positive inotropic stimulation used in the present study are quite different. High calcium and ouabain lead to a modest increase in calcium transients as w x shown by aequorin light 40,41 and heat measurements w x 42,43 . Isoproterenol leads to an excessive increase in w x w x calcium transients 40,41 and activation heat 42,43 , but at the same time desensitization of the contractile proteins w x w x 44,45 takes place as well as faster calcium pumping 46 . In contrast, with EMD 57033 no increase in calcium w x transients could be found 47,48 indicating a sensitization of the contractile proteins towards calcium. Interestingly, w x Hgashiyama et al. 49 have compared the effect of EMD 57033 on isovolumic contractions with its effect on ejecting beats. The effect of the compound on developed pressure was greater for ejecting than isovolumic beats. However, these authors did not analyse the effect of EMD 57033 on stroke volume by keeping the developed pressure constant.
In the light of the very different pharmacological mechanisms of the compounds, the parallelism between force increment and increase in extent of shortening is quite astonishing. There must be a fundamental coupling between activation mechanisms, the degree of calcium sensitivity and cross-bridge kinetics.
Conclusions and clinical implications
Our observations are of pharmacological and clinical relevance. The strong quantitative coupling between force development and shortening capability allows to conclude that positive inotropism observed in experimental isometric contractions implicates improved shortening and increased work performance independent of the specific pharmacological mode of action. Furthermore, the FrankStarling mechanism is preserved in endstage failing human myocardium both in isometric and isotonic shortening contractions. Because alterations in force parallel the extent of shortening under all physiological and pharmaco-Ž . logical conditions length, stimulation rate, compounds , relative changes in work performance are potentiated as compared to those of isometric force development or extent of shortening.
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